Introduction
============

Hepatocellular carcinoma (HCC) is one of the most common types of tumors and is the most frequently occurring type of liver cancer, leading to over 700,000 deaths each year worldwide. Conventional chemotherapy has minimal therapeutic effects on liver cancer, and its diagnosis is often too late achieve the optimal operation time, resulting in the rapid death of affected individuals ([@b1-etm-0-0-4923],[@b2-etm-0-0-4923]).

The expression of metastasis-associated protein 1 (MTA1) is common in many types of cancers. Previous studies have shown that the MTA1 protein, along with the histone deacetylase 1 and 2 (HDAC1 and HDAC2) complex, are members of the nucleosome remodeling and deacetylation (NuRD) protein complex. MTA1 belongs to the MTA protein family that contributes to the NuRD protein complex and contributes to the regulation of specific genes, mediates histone deacetylation, and remodels chromatin ([@b3-etm-0-0-4923],[@b4-etm-0-0-4923]). We recently discovered that pterostilbene (trans-3,5-dimethoxy-49-hydroxystilbene, PTER) downregulates MTA1, resulting in the inhibition of tumor growth. PTER is a stilbenoid that is found in blueberries and grapes and plays an important role in inhibiting cancer growth, reducing hyperlipidemia, and treating cognitive decline ([@b5-etm-0-0-4923],[@b6-etm-0-0-4923]).

However, the clinical significance of the MTA1-NuRD complex and p53 acetylation and their role in the tumoricidal effects induced by PTER for HCC merit further research. In this current study, we cultured SMMC7721 cells and treated them with different doses of PTER. We investigated protein expression levels in these cells by western blotting and cell viability by MTT assay. Cell functions were investigated by invasion, motility, apoptosis, and cell cycle assays. Our study reveals that MTA1 is a major PTER target that may have therapeutic effects and potential applications in HCC.

Materials and methods
=====================

### Cell culture

We obtained the SMMC-7721 hepatoma cell line from the China Center for Type Culture Collection (Department of Medicine, Wuhan University, Wuhan, China). Cells were maintained in humidified air with 5% CO~2~ at 37°C and cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. Cell viability was generally greater than 98% prior to treatment.

### Quantitative polymerase chain reaction (qPCR) analysis

We extracted total RNA from SMMC7721 cells using TRIzol (Invitrogen, Paisley, UK) according to the manufacturer\'s instructions. A spectrophotometer was used to quantify the concentration of total RNA based on absorbance at A~260~ and A~280~. Total RNA was reverse transcribed using the SuperScript III platinum two-step RT-qPCR kit with SYBR-Green (Invitrogen Life Technologies, Carlsbad, CA, USA). Next, qPCR was used to analyze mRNA transcript abundance with the MiniOpticon Real-Time PCR system (Bio-Rad, Berkeley, CA, USA). PCR primers were as follows: MTA1 forward, 5′-CGCTGACCAGCATCATTGAGT-3′; and reverse, 5′-TGGTTCGGATTTGGCTTGTTAT-3′, β-actin forward, 5′-CGTGGGCCGCCCTAGGCACCA-3′, and reverse 5′-TTGGCTTSGGGTTCSGGGGGG-3′. Transcript quantification and analysis were performed using Bio-Rad CFX Manager v3 software, and calculations were carried out using the the 2^−ΔΔCq^ method. Data are presented as the means ± standard deviation of three independent experiments.

### Western blot analysis

Western blotting was carried out as described previously ([@b7-etm-0-0-4923]). Briefly, SMMC-7721 hepatoma cells were treated with various concentrations (5, 25, 50, or 100 µM) of PTER for 24 h. PTER (Sigma, St. Louis, MO, USA) was dissolved in dimethyl sulphoxide (DMSO); DMSO alone was used to treat cells in the control group. After washing with PBS, cells were then lysed using RIPA buffer, which was mixed with the Halt Phosphatase and Protease Inhibitor Cocktail (Thermo Fisher Scientific, Inc., Waltham, MA, USA). After the protein concentration was quantified, 70 µg of protein was resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a PVDF membrane using an Electrophoresis Transfer System (Bio-Rad). Subsequently, membranes placed on a swing table were blocked with TBS-Tween and 5% dry milk and were then probed with anti-MTA1, p53 or Ac-p53 (Abcam, Cambridge, UK) primary antibodies overnight at 4°C. Respective secondary antibodies (Abcam) were used at 1:1,000--1:2,000 (v/v) dilutions in TBS-Tween and 5% fat-free powdered milk for 1 h at room temperature; β-actin antibodies were used as a loading control. Finally, blots were visualized by SuperSignal West Pico enhanced chemiluminescence substrate (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and the density of the blots was quantified using Image J Software (Bio-Rad).

### MTT assay

To test cell viability, we used the MTT assay with the cell proliferation reagent MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide\]. After PTER treatment, \~20 µl of sterile filtered MTT (Sigma) stock solution in phosphate-buffered saline, pH 7.4, was added to each well. After cells were incubated for \~4 h, media was aspirated to remove unreacted dye, and \~150 µl dimethylsulfoxide (Sigma) was added; cells were then shaken for 10 min. Absorbance at 490 nm for each sample was measured in a 450 microplate reader (Bio-Rad). The spectrophotometer was calibrated to zero absorbance with culture medium without cells. We calculated the relative cell viability (%), normalized to the control cells, as follows: \[(test quantitative value)/(control quantitative value)\] × 100%. A total of three independent experiments were performed with three wells per experimental condition.

### Flow cytometric analysis of the cell cycle

SMMC7721 cells were fixed with 70% ethanol overnight at 4°C and were collected the next day and washed twice with PBS. Then, cells were treated with 0.5 mg/ml RNase (Sigma) for 30 min and stained with propidium iodide (PI) using a Cell Cycle Detection kit (Sigma) to analyze the cell cycle at room temperature in the dark for 30 min according to the manufacturer\'s instructions. We counted 14,000 events for each PI-stained sample on a FACS Calibur (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed the percentage of cells in the G1, S, and G2/M phases using a FACScan (BD Biosciences, San Jose, CA, USA) flow cytometer. ModFit LT version 3.2 software (Verity Software House; Topsham, Devon, UK) was used to analyze the cell cycle data.

### Flow cytometric analysis of apoptosis

SMMC7721 cells were stained with Annexin V-FITC and PI using an Annexin V-FITC Apoptosis Detection kit (Sigma) to analyze the percentage of apoptotic cells according to the manufacturer\'s instructions. Stained cells were analyzed on a flow cytometer and calculated using FlowJo V10 software (BD Bioscience).

### Cell invasion assay

The transwell invasion assay was used to test invasion capability of SMMC7721 cells. Cells were placed in the upper transwell chamber (8 µm pore size; Corning Incorporated, Corning, NY, USA) coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA), and 600 µl of the test medium was added to the lower chamber. After cells had been incubated at 37°C and 5% CO~2~ for 24 h, non- invasive cells that adhered to the upper membrane were wiped off using a cotton swab. Migrated cells were stained with crystal violet dye, fixed with methanol, and viewed using a microscope.

### Wound healing assays

A wound healing assay was used to detect the motility capacity of SMMC7721 cells. Prior to wounding, 5×10^5^ cells were seeded in six-well plates and incubated for 24 h with serum-free RPMI-1640. A 10 µl pipette tip was used to scratch the monolayer and create a 'wound' across the diameter of the each well. Then, detached cells were removed by a gentle wash with PBS. Cells were incubated at 37°C, allowing cells to migrate across the open wound area. A light microscope (Olympus Corp., Tokyo, Japan) was used to image wound areas at appropriate time points (3, 6, 9, 12 and 24 h). Experiments were conducted in triplicate.

### Statistical analysis

Each experiment was repeated at least three times. All experimental results and measurements are expressed as the means ± standard deviation (SD). The bivariate method and Student\'s t-test were used to analyze differences between groups. All histogram data were evaluated using GraphPad Prism, version 6.0 (GraphPad Software, San Diego, CA, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### PTER downregulated MTA1 mRNA in a dose-dependent manner in vitro

SMMC7721 cells were cultured and treated with various concentrations of PTER (5, 25, 50, or 100 µM) for 24 h. As shown in [Fig. 1A](#f1-etm-0-0-4923){ref-type="fig"}, PTER significantly downregulated MTA1 mRNA transcripts in a dose-dependent manner. These findings indicated that PTER inhibited mRNA transcript expression *in vitro*.

### PTER suppressed HCC cell proliferation

Viable cells express the mitochondrial dehydrogenase enzyme, which can reduce the yellow dye MTT, leading to the formation of dark blue formazan crystals that are largely impermeable to cell membranes and accumulate in viable cells. Results were analyzed using a multiwell scanning spectrophotometer. There were significant differences in the death rate between the PTER (5, 25, 50 and 100 µM) and control groups (P\<0.05). Data shown in [Fig. 1B](#f1-etm-0-0-4923){ref-type="fig"} indicate that cell viability was reduced with an increasing dose of PTER. The MTT assay results showed that 50 µM PTER could induce a significant reduction in cell viability.

### Inhibition of the MTA1/HDAC complex by PTER

Cells were treated with different doses of PTER for 24 h, and protein was isolated for western blot analysis. After treatment with PTER, the expression of MTA1, HDAC1 and HDAC2 were downregulated compared with DMSO-treated cells ([Fig. 2A](#f2-etm-0-0-4923){ref-type="fig"}). PTER potently inhibited MTA1 mRNA transcript expression and showed a concentration-dependent reduction in protein levels ([Fig. 2B](#f2-etm-0-0-4923){ref-type="fig"}). The reduction in MTA1 levels was shorter and less consistent than that of the MTA1/HDAC complexes. Thus, HDAC1 and HDAC2 expression could be significantly reduced (P\<0.01) by inhibition of MTA1 ([Fig. 2C and D](#f2-etm-0-0-4923){ref-type="fig"}). These findings demonstrated that PTER markedly increased MTA1-mediated p53 acetylation, implying that it played an important role in posttranslational protein modifications. PTER treatment at 50 µM for 24 h elevated both total and Ac-p53 levels. After PTER treatment, p53 became acetylated, which induced the accumulation of stable protein. Remarkably, according to a quantitative analysis of the ratio of Ac-p53-to-total p53, the PTER treatment group exhibited a higher ratio than the controls in SMMC7721 cells ([Fig. 3](#f3-etm-0-0-4923){ref-type="fig"}). In summary, PTER clearly induced the downregulation of MTA1, which increased p53 acetylation, leading to activated p53-mediated pathways in SMMC7721 cells.

### PTER inhibited cell motility and invasion in SMMC7721 cells

The motility and invasion of cancer cells have been linked to cancer metastasis *in vitro*. In our present study, the number of cells that moved or invaded into the open surface was reduced after PTER treatment. The amount of cell motility was decreased after treatment with PTER for 3, 6, 9, 12 and 24 h in SMMC7721 cells ([Fig. 4A and B](#f4-etm-0-0-4923){ref-type="fig"}). In the Matrigel invasion assay, we observed that PTER could markedly arrest cell invasion in SMMC7721 cells compared with the control group ([Fig. 4C and D](#f4-etm-0-0-4923){ref-type="fig"}).

### PTER induced cell cycle arrest in SMMC7721 cells

To further explore the anti-proliferative effects of PTER, we assessed the cell cycle profile and apoptosis of SMMC7721 cells ([Fig. 5](#f5-etm-0-0-4923){ref-type="fig"}). Cells in S phase were significantly increased after treatment with 50 µM PTER for 3 and 5 days compared with the control group. In accord with the increased number of cells in S phase, fewer SMMC7721 cells were in G2/M phase ([Fig. 5C](#f5-etm-0-0-4923){ref-type="fig"}). We found that PTER treatment clearly increased the amount of cells in S phase (control, 3 days group: 30.55±0.75%, PTER-treated, 3 days group: 38.25±1.56%, P\<0.0001; control, 5 days group: 41.46±1.83%, PTER-treated, 5 days group: 34.36±1.93%) and decreased the amount of cells in G2/M phase (control, 3 days group: 27.12±1.77%, PTER-treated, 3 days group 20.40±0.93%, P\<0.0001; control, 5 days group: 24.04±1.59%, PTER-treated, 5 days group: 17.20±1.50%, P\<0.0001) in cultured SMMC7721 cells. These days suggested that the cell cycle progression of PTER-treated cells stalled at S phase by inhibiting the S-G2/M phase transition compared with the control group ([Fig. 5D and E](#f5-etm-0-0-4923){ref-type="fig"}).

### PTER induced apoptosis of SMMC7721 cells

The induction of apoptosis was assessed after treatment with 50 µM PTER for 3 and 5 days in SMMC7721 cells ([Fig. 5A](#f5-etm-0-0-4923){ref-type="fig"}). Representative nuclei of apoptotic cells exhibited condensation and fragmentation. Based on Annexin V-FITC and PI staining, the frequencies of apoptotic cells were analyzed. As shown in [Fig. 5B](#f5-etm-0-0-4923){ref-type="fig"}, the total frequency of apoptotic cells increased to 9.32±0.09 and 9.24±0.19% after 50 µM PTER treatment compared to the control group (3.62±0.18 and 4.41±0.30%) after treatment for 3 and 5 days, respectively, in SMMC7721 cells. Thus, PTER treatment can increase the apoptosis of SMMC7721 cells.

Discussion
==========

MTA1, HDAC1 and HDAC2 belong to the NuRD co-repressor complex, which is related to the deacetylation of histones and other proteins and contributes to the specificity of transcriptional regulation. MTA1 is crucial to the expression of oncogenic proteins, as excess MTA1 expression is closely related to aggressive tumors ([@b8-etm-0-0-4923],[@b9-etm-0-0-4923]). It has been demonstrated that MTA1 can promote survival, prevent apoptosis, and increase invasion properties in prostate cancer ([@b10-etm-0-0-4923]).

In a previous study, we found that PTER induced the degradation of MTA1, which then destabilized the deacetylation of the MTA1/HDAC/NuRD complex, resulting in increased activation and acetylation of p53 in prostate cancer cells ([@b10-etm-0-0-4923]--[@b13-etm-0-0-4923]). In our present study, we proposed that PTER may be able to suppress the expression of MTA1 and thus show higher antitumor efficacy in HCC.

Few data are available about the expression of MTA1 after treatment with PTER and the potential effects on cancer metastasis and invasion in HCC. According to our present findings, we found that the expression of MTA1 may be related to cell invasion, motility, apoptosis, and cell cycle progression in HCC.

PTER, a dimethylether, is a natural analogue of resveratrol that was discovered in blueberries, has a safety pharmacology profile as an oral drug and has been reported to be the most effective inhibitor of MTA1 ([@b14-etm-0-0-4923],[@b15-etm-0-0-4923]). According to our results, we showed that PTER both affected HCC cell viability by inhibiting MTA1 and modulated MTA1-induced specificity of transcriptional gene regulation, including effects on Ac-p53. We revealed a novel epigenetic mechanism: The reduction in MTA1 led to inhibition of MTA1-HDAC complexes, which inhibited the deacetylase function, leading to increasing amounts of acetylation and modulation of the acetylation of p53 and promotion of the activation of apoptosis genes ([@b13-etm-0-0-4923],[@b16-etm-0-0-4923]). Therefore, MTA1 represents a novel PTER target that plays an important role in the clinical application of chemotherapy ([@b17-etm-0-0-4923],[@b18-etm-0-0-4923]). In our present study, we observed the downregulation of MTA1, HDAC1 and HDAC2 expression in PTER-treated cells. The ratio of Ac-p53-to-p53 was obviously higher after PTER treatment in tumors. Together, our findings indicated that PTER decreased the expression of MTA1, then destabilized MTA1/HDAC complexes to allow acetylation and activation of p53. The activation of p53 induced many anti-tumor mechanisms, which have critical effects on apoptosis, chromosome stability and the prevention of angiogenesis. When DNA is damaged, it can activate DNA repair proteins, and when DNA is irreversibly damaged, it can trigger cell programmed apoptosis ([@b19-etm-0-0-4923]). In parallel, PTER downregulated HDAC, and the relative imbalance of histone acetyltransferase (HAT) to HDAC enzyme activities increased the amount of HAT-induced acetylation ([@b20-etm-0-0-4923]). Increased p53 acetylation by PTER contributed to the transcriptional activation of genes linked with apoptosis and cycle arrest, resulting in inhibited HCC cell growth.

PTER is an effective anti-proliferative drug at concentrations up to 50 µM and can sharply inhibit cell proliferation. According to our present study, PTER can induce cell cycle arrest in S phase and reduce the numbers of cells in G2/M phase. At concentrations greater than 50 µM, PTER significantly induced apoptosis in SMMC7721 cells. Additionally, PTER affected cell motility and invasion at low concentrations of \~50 µM.

This present study revealed that PTER had a significant inhibitory effect on cell proliferation, invasion, motility and apoptosis. Notably, it induced S phase arrest in SMMC7721 cells *in vitro*, which makes it a prospective therapeutic target drug for the treatment of liver cancer. Therefore, we also investigated the regulatory anticancer mechanism of PTER.

Our study demonstrated that PTER reduces the expression of MTA1, then destabilizes the MTA1/HDAC complex to allow the acetylation and activation of p53. This molecular mechanism may be involved in PTER-induced changes in cell proliferation, invasion, motility, apoptosis and cell cycle progression. PTER reduced the protein levels and enzymatic activities of MTA1 and HDAC, which inhibited motility and invasion in SMMC7721 cells.

In conclusion, this present *in vitro* study of PTER revealed its prospective anticancer properties, which may inspire future experiments, including ([@b1-etm-0-0-4923]) toxicity profiling and pharmacokinetics, ([@b2-etm-0-0-4923]) the generation of MTA1 gene knock-out models and ([@b3-etm-0-0-4923]) studies of the curative effect of anticancer treatment in HCC mouse models. MTA1 expression may be related to proliferation, invasion, motility, apoptosis, and cell cycle progression in HCC. We demonstrated that PTER could inhibit HCC growth and was an effective regulator of MTA1/HDAC-mediated p53 acetylation, apoptosis, motility and invasion in HCC cells. PTER inhibited cell proliferation, induced cell cycle arrest, triggered apoptosis and inhibited motility and invasion in human liver cancer cells. Our study of this novel epigenetic signaling pathway provided strong evidence for MTA1 as an effective clinical therapeutic target and novel anticancer agent in HCC. Finally, our research revealed a novel epigenetic signaling pathway of PTER that may provide new opportunities for the development of primary chemoprevention and chemotherapy approaches in HCC.

This study does not involve experiments performed on human participants or animals by any of the authors.

Informed consent was obtained from all individual participants included in this study.

![SMMC7721 mRNA expression and cell viability after 24 h treatment with different doses of pterostilbene (PTER). (A) Cells were treated with DMSO \[control (Ctrl)\] or PTER (5, 25, 50, or 100 µM) for 24 h. Cells were harvested, and the abundance of metastasis-associated protein 1 (MTA1) mRNA transcripts was measured. Results were analyzed by real-time PCR and calculated using the equation 2^−ΔΔcq^. The ΔCq of MTA1 mRNA transcripts was calculated by subtracting the Ct of β-actin from that of MTA1; then, the ΔΔCq equal to the ΔCq from the PTER-treated groups was subtracted from that of the ΔCq Ctrl group. (B) Cells were treated with DMSO (Ctrl) or PTER (5, 25, 50, or 100 µM) for 24 h to detect cell viability. The Ctrl was normalized to 1, and cell viability values were calculated relative to those of Ctrl. Values represent the means ± standard deviation from three independent experiments. Comparisons between groups were performed using unpaired two-tailed Student\'s t-test; \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001, \*\*\*\*P\<0.0001.](etm-14-04-3098-g00){#f1-etm-0-0-4923}

![Inhibition of the metastasis-associated protein 1 (MTA1)-histone deacetylase (HDAC) complex by pterostilbene, which induced the downregulation of MTA1, HDAC1 and HDAC2 expression in pterostilbene (PTER)-treated cells. (A) SMMC7721 cells were treated with various concentrations (5, 25, 50 or 100 µM) of PTER for 24 h; the control (Ctrl) group was treated with DMSO. Protein expression levels were analyzed by western blotting for MTA1, HDAC1, HDAC2 and β-actin. (B-D) Western blotting results were quantified using Image J analysis software. The means ± standard error of three independent expression are shown; \*\*P\<0.01, \*\*\*P\<0.001, \*\*\*\*P\<0.0001.](etm-14-04-3098-g01){#f2-etm-0-0-4923}

![(A) Pterostilbene (PTER) induced metastasis-associated protein 1 (MTA1) downregulation is concomitant with increased p53 acetylation in western blot. (B) The ratio of Acp53 to total p53 was calculated by Image J software and the means ± standard error of three independent experiments were shown. \*\*P\<0.01. Ctrl, control.](etm-14-04-3098-g02){#f3-etm-0-0-4923}

![Pterostilbene (PTER) inhibited cell motility and invasion in SMMC7721 cells. (A) PTER inhibited the motility of SMMC7721 cells. Cells were treated with PTER (50 µM) or DMSO \[control (Ctrl) 50 µM\]. The wound healing assay was carried out to examine cell motility at the indicated time points (3, 6, 9, 12, and 24 h). (B) Cell motility potential is graphed; data were normalized to that of the control group. (C) PTER inhibited cell invasion. Cells were treated or not with PTER (50 µM) for 24 h. (D) Results were compared with those of the control group. Representative photographs are shown at ×40 magnification. Error bars represent the means ± standard error, n=3; \*\*\*\*P\<0.0001.](etm-14-04-3098-g03){#f4-etm-0-0-4923}

![Pterostilbene (PTER) induced apoptosis and cell cycle arrest in SMMC7721 cells. (A) Cells were treated with or without PTER (50 µM) for 3 or 5 days to detect apoptosis. (B) Apoptosis was analyzed by flow cytometry. (C) PTER induced cell cycle arrest in SMMC7721 cells at the G2/M phase. Flow cytometry analysis of SMMC7721 cells treated with DMSO \[control (Ctrl)\] or PTER (50 µM) for 3 or 5 days. (D and E) SMMC7721 cells were analyzed by flow cytometry; representative images were obtained from flow cytometry assays, and the fractions of cells in G1, S and G2/M phases were semi-quantified. Values represent means ± standard deviation of three independent experiments; \*\*\*\*P\<0.0001. ns, no significance.](etm-14-04-3098-g04){#f5-etm-0-0-4923}
